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Objective: to determine the influence of an anastomotic suture line and a graft on dynamic tensile stresses of vascular
end-to-end anastomoses in vivo.
Material and methods: the abdominal aorta of twelve 35-kg pigs was used as an experimental model. Simultaneous
recordings of internal arterial diameter and pressure were performed on each pig at 3 successive stages: (1) The genuine
artery (REF), (2) artery–artery (A-A) and (3) graft–artery (G-A) anastomosis at 1-mm increments in the immediate
perianastomotic area. Thereby, RD (relative distension), CC (compliance coefficient), Ep (dynamic pressure-strain elastic
modulus) and hysteresis loop areas could be calculated for every measuring point.
Results: the graft was significantly stiffer than REF. A-A and G-A anastomoses were significantly less compliant than
REF. Maximum Ep, minimum CC and hysteresis loop areas were found at the anastomotic line due to minimum
anastomotic RD. Downstream of the G-A anastomosis, the RD, CC, Ep and loop areas were significantly different from
REF, but significantly different from A-A.
Conclusion: an animal model for acute studies of mechanical properties of vascular end-to-end anastomoses was developed.
The main determinant for anastomotic biomechanics was the suture-line itself.
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Introduction has been suggested that the suture line itself may
create such a compliance mismatch near ana-
Distal anastomotic intimal hyperplasia seems a com- stomoses.21,22
mon cause of late graft failure. It is characterised It is still not known whether local flow disturbances
by migration of smooth-muscle cells from the tunica and/or local compliance mismatch induce neointimal
media to the tunica intima and their proliferation and hyperplasia at vascular anastomoses. Suture-line in-
secretion of extracellular matrix.1,2 The focal dis- timal hyperplasia may represent vascular healing and
tribution of intimal hyperplasia has led investigators remodelling in response to mechanical injury – be it
to suggest that local haemodynamic factors2–7 and local flow-induced or not – or compliance mismatch, while
vessel-wall biomechanical factors8–13 are pathogenic arterial-floor intimal thickening in end-to-side ana-
factors in development of this complication. stomoses remote from the suture-line expresses the
Hasson et al.17 introduced the term “Para-an- influence of low and oscillating shear being unrelated
astomotic hypercompliant zone” (PHZ), defined as: to compliance mismatch.10,31 Nevertheless, it has been
the existence of a local maximum compliance with demonstrated that graft patency rates may be im-
at least twice the variability of the adjacent baseline proved by matching the compliance of the graft to
values at an extension of at least 2 mm near the that of the recipient artery.13–16
anastomosis. However, the existence of a PHZ has not The purpose of this study was to develop an in vivo
been confirmed by other groups.11,17–20 Furthermore, it model for biomechanical studies at vascular end-to-
end anastomoses, and using that model to determine
* Please address all correspondence to: M. Ulrich, Department the influence of the suture-line as well as the inserted
of Thoracic and Cardiovascular Surgery, Skejby Sygehus, Aarhus graft on the overall biomechanics of vascular end-to-University Hospital, Brendstrupgaardsvej, DK-8200 Aarhus N,
Denmark. end anastomoses.
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Material and Methods was avoided in order to maintain genuine bio-
mechanical properties of the vessel wall. For the same
Twelve pigs (mixed Danish Landrace and Yorkshire) reasons the vessel and graft walls were not handled
with forceps.weighing 35 kg comprised the study material. The
animals were bred and cared for in accordance with
“Guide for care and use of laboratory Animals” (NIH
Publication No. 86-23) and the project was approved
Haemodynamic and biomechanical measurementsby the Danish Inspectorate of Animal Experimentation.
Anaesthesia was induced by an intramuscular injection
Via liquid-filled catheters inserted in the common ca-of 0.6 mg/kg midazolam (DormicumÒ) and 21.3 mg/
rotid artery and external jugular vein, arterial andkg ketamin (KetalarÒ). A bolus of 4.7 mg/kg ketamin
central venous pressure were continuously measured.(KetalarÒ) was injected intravenously, and anaesthesia
Blood pressures along with a surface electro-was maintained throughout the experiments by con-
cardiogram and rectal temperature were monitored ontinuous infusion of 5.2 mg/kg per hour ketamin (Ke-
a Sirecust 961Ò Monitor (Siemens, Erlangen, Germany).talarÒ), 7.7 mg/kg per hour fentanyl (HaldidÒ) and
Volume blood flow through the infrarenal abdominal0.2 mg/kg per hour midazolam (DormicumÒ). After
aorta was measured using an ultrasonic flowmeterendotracheal intubation, ventilation was accomplished
(Transonic Medical Volume FlowmeterÒ; Serialwith a Servo 900D Ventilator (volume flow=4.5 l/
#HT207BP-91-0051, Transonic Systems Inc., Ithaca, NY,min, frequency=14 breaths/min; 45% O2+55% N2O).
U.S.A.). In order to adjust the respirator accurately,Ventilator settings were adjusted according to blood-
arterial blood gas analysis was performed repeatedlygas analyses. In order to compensate for losses of
using a Radiometer ABL-300Ò blood-gas analyser (Ra-circulating volume, especially due to evaporation from
diometer, Copenhagen, Denmark). Before meas-the abdominal wound, isotonic sodium chloride and
urements, the animals had an intravenous bolusplasma expander (HaemaccelÒ; 35 mg/ml) were in-
injection of Heparin (HeparinÒ), 20 000 IU, and thefused through a venous catheter, adjusted according
activated clotting time was determined intermittentlyto central venous pressure. Via a midline laparotomy,
using a haemachronometer (Hemochron System, Inter-the abdominal aorta was greatly dissected retro-
national Technidyne CorporationÒ; Edison, NY, U.S.A.)peritoneally from the renal arteries to the aortic tri-
and kept above 400 seconds.furcation and all branches at the infrarenal aorta were
Simultaneous recordings of internal arterial dia-ligated. The abdominal aorta was transected 30 mm
meter and pressure were performed on each pig at 3proximal to the aortic trifurcation and an artery–artery
successive stages: (1) the genuine artery (REF), (2)end-to-end anastomosis was performed. Having ful-
artery–artery (A-A) and (3) graft–artery (G-A). Thefilled the biomechanical measurements at the artery–
last two series provided a biomechanical profile of theartery end-to-end anastomosis, a 35-mm-long piece
immediate perianastomotic area including the para-of the aorta was removed and a 35-mm-long iso-
anastomotic zone. Reference values were obtained bydiametrical (internal diameter=8.0 mm, wall thick-
recordings of dynamic diameter and pressure changesness=1.5 mm), ultrasonic transparent, electronically
on the genuine vessel at the future anastomotic linespun polyurethane graft was interpositioned end-to-
30 mm proximal to the aortic trifurcation, 5 mm prox-end. In order to enhance compliance mismatch, the
imal and 5 mm distal to this position.graft wall was stiffer than the artery. The distal end-
At the two types of anastomoses, the same meas-to-end anastomosis was positioned 30 mm proximal
urements were performed at 1-mm increments alongto the aortic trifurcation. All anastomoses were ac-
the length of the artery, over a 14-mm region centredcomplished as continuous over-and-over end-to-end
at the anastomosis. Since the biomechanical propertiesanastomoses with 5-0 EthiconÒ on a RB.1 needle. To
are anisotropic and can vary greatly, especially withstandardise the anastomosis geometry, all anastomoses
arterial pressure, stable gross haemodynamic para-were performed by the same surgeon and great care
meters were ensured during acquisition of data for anwas taken to keep suture depth and distance constant.
individual anastomosis. Immediately after surgery theThe anastomoses were both evaluated visually and
aorta was covered with warm (37°C) isotonic salineultrasonic B-mode scanned – using a 7.5-MHz trans-
in order to prevent spasm and drying. Furthermore,ducer operated by a Vingmed CFM 750Ò (Vingmed,
the water created excellent ultrasonic contact with theHorten, Norway) – to confirm absence of anastomotic
transducers. Because the ultrasonic diameter probe isstenosis and secure optimal anastomotic geometry.
highly sensitive to influence of respiration, pressureDuring surgery as well as during measurements, dis-
tortion, tension and pressure on the abdominal aorta and diameter, measurements were made with the
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Fig. 1. Data registration and analysis set-up for dynamic pressure and diameter measurements in porcine abdominal aorta. The artery–artery
and distal graft–artery suture-lines are conducted 30 mm proximal to the aortic trifurcation.
ventilator turned off during data acquisition, for ap- resulting in a maximum amplitude was chosen. The
proximately 20 seconds. A-mode echo signal from the aforementioned position
was downloaded as a 30-Hz video signal to a Panasonic
video cassette recorder (AG-7330Ò) synchronously
with a high-fidelity ECG-signal. Displaying the echoesData analysis
off-line, two of which corresponded to the anterior and
posterior walls, a custom-designed software programThe internal vessel diameter was measured with a
(Karlumen Ver.1.1, Imagehouse, Copenhagen, Den-focused 20-MHz ultrasonic probe connected to an
mark) was used to align and frame-grab these echoes.A-mode scanner (Cortex Technology Dermascan AÒ,
The data was downloaded as absolute values of in-Cortex Technology ApS, Hadsund, Denmark). The
ternal arterial diameters in digital files.probe was mounted on an x-y positioner without
The intra-arterial pressure was measured with atouching the vessel wall (Fig. 1). The x-y positioner
Millar Micro-TipÒ side-pressure transducer (Model Noenabled reproducible movements with 1-mm steps
SPC 350 MRÒ, Millar Instruments, Inc., Houston, Texas,along the vessel axis throughout the perianastomotic
U.S.A.) inserted through the distal aortic trifurcation,area. Assuming that the vessel is circular cross-sec-
positioned 10 mm distal to the suture line, and con-tionally – this was secured by the B-mode scan – a
nected to a Millar Control UnitÒ (Model TCB-500,maximum amplitude of the ultrasonic echo will signify
Millar Instruments, Inc., Houston, Texas, U.S.A.). Thethat the position of the probe is at the top of the vessel
analogue pressure signals were continuously recordedperpendicular to the vessel axis. Consequently, in
along with a synchronised ECG-signal on a TEACevery measurement position the probe was traversed
perpendicularly to the vessel axis, and the position instrumentation (TEAC XR 510Ò, Tokyo, Japan). Pass-
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Table 1. Biomechanical parameters. for REF, A-A and G-A (Fig. 2). All values were meas-
ured continuously during recordings of the bio-Parameter Equation Unit
mechanical parameters. As may be seen, gross
Relative distension % haemodynamic parameters were kept stable and heldRD=DD
D
·100
at physiologically relevant levels as well as blood flowCompliance coefficient mm2/kPa
CC=
pDD·D
2DP which ranged between 561–82 ml/min (A-A) and
Dynamic pressure-strain elastic kPa 493–115 ml/min (G-A). Since standard deviationsEp=
D·DP
DDmodulus during the single experiment were kept below 0.05,
the size of standard deviations are primarily a resultD=Minimum diameter.
DD=Maximum diameter–minimum diameter. of interindividual variance. There were no statistically
DP=Maximum pressure–minimum pressure. significant differences between the three groups.
The biomechanical parameters for reference, artery–
ing a 100-Hz fourth-order low-pass filter, the analogue artery anastomotic and graft–artery group are visu-
signals were analogue-to-digital-converted and down- alised as a function of distance from the suture-line in
loaded as digital files with a sample frequency of Fig. 3 (A-C). Hysteresis loops illustrating dynamic
30 Hz. internal changes as a function of pressure changes at
Using a high-fidelity ECG-signal, the internal dia- the anastomoses, 3 mm proximal and 3 mm distal to
meter and pressure measurements could be syn- this, are depicted in Fig. 4.
chronised accurately. Utilising a dedicated graphic The relative distension (RD) of the genuine arterial
software program (The Engineering College, Aarhus, wall was 3.58%–0.80% (n=12), the compliance
Denmark), the diameter and pressure values could be coefficient (CC) was equal to 0.077 mm2/kPa–
displayed continuously throughout 25 heart cycles 0.016 mm2/kPa (n=12) and dynamic pressure-
from every measuring point and were subjected to strain elastic modules (Ep) was determined toensemble averaging. 185 kPa–43 kPa (n=12). The reference hysteresis loop
The biomechanic parameters in this study are de- described a loop from diameter/pressure minimum
fined in Table 1. Relative distension (RD) gives the values of 8.1 mm/73.0 mmHg to diameter/pressure
fractional diameter increase. The compliance co- maximum values of 8.3 mm/120.5 mmHg cor-
efficient (CC) represents the capacity of the vessel to responding with Ep and CC. The systolic phase of heartstore a given volume of blood during the heart cycle. cycle was characterised by large distance between the
The dynamic pressure-strain elastic modulus (Ep) is a dots in the graphs, i.e. a fast rise in intra-arterial
measure of the local intrinsic stiffness properties of pressure and diameter expansion. Due to the visco-
the vessel wall.26–29 Ep is equal to the reciprocal value elastic properties of the arterial wall a phase-lag cre-
of compliance. Hysteresis loops of “Lissajou figure” ated an area between the systolic and diastolic part of
(Fig. 4) demonstrating the phase angle between pres- the hysteresis loop (2.97 mmHg·mm–0.7 mmHg·mm
sure and diameter as a result of the complex visco- (n=12)).
elastic properties of the arterial wall were plotted for
every measuring point. The area of the hysteresis loop
is a measure of the energy loss in the vessel wall
during one heart cycle.30 Within and between the Artery–artery anastomosis
groups the values of RD, CC and Ep measured in the
genuine artery, the artery–artery anastomosis and the No significant differences in RD were found between
graft–artery anastomosis, respectively, were compared the reference value and the arterial wall when com-
using a t-test. A confidence level of less than 0.05 was pared more than 4 mm away from the anastomotic line.
considered statistically significant. At points 3 mm proximal and 3 mm to 4 mm distal to
the suture-line, spikes of decreased RD were found.
Furthermore, centred at the anastomotic line and in-
cluding measurements 1 mm proximal to 1 mm distalResults
to the suture line, a broad spike of significant decreased
RD was observed. For CC a similar pattern was found;In twelve pigs, a total of 36 reference measurements
on the genuine artery, 120 measurements at the artery– no significant differences in CC until a single narrow
indenting spike 3 mm proximal to the anastomotic line,artery anastomosis and 135 measurements at the graft–
artery anastomosis in 15 different positions were a deep indenting spike from 1 mm proximal to 1 distal
to the suture line, and then again a narrow indentingperformed. The haemodynamic parameters of systolic
and diastolic pressures as well as heart rate are shown spike at 3 mm distal to the anastomotic line continuing
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Fig. 2. Systolic pressures (B), diastolic pressures (A) and heart rate (C) are shown for REF (n=12) (left), A-A (n=8) (middle) and G-A
(n=9) (right). Pressure scale (mmHg) is quantitated on the primary ordinate and heart rate on the secondary ordinate.
in the last insignificant part of the measuring points. found at the suture-line. Downstream of the ana-
stomosis a local minimum region at 3 mm to 4 mmThe proximal and distal parts of the measuring points
were reflections. Similar to RD and CC, the Ep remained distal was seen, but this was statistically confirmed.
Furthermore, in this region only insignificant dif-stable at the remote parts of the measurement area
until 3 mm proximal and 4 mm distal to the suture- ferences between G-A and A-A RDs, CCs and Ep were
found. No PHZ was found either.line. Points of increased Ep were found at 3 mm and
1 mm proximal to the suture line, at the anastomotic The hysteresis loops of graft-wall movements as
well as arterial wall movements exhibited an ellipticline itself, and at 1 mm 3 mm and 4 mm distal to the
suture line. Maximum Ep was determined at the suture- shape. Anyway, the areas circumscribing the graft
hysteresis loops (1.41 mHg·mm–0.18 mmHg·mmline. Accordingly, the existence of a PHZ could not
be confirmed. The shape of the hysteresis loops was (n=9)) were significantly smaller than their arterial
counterpart (2.61 mmHg·mm–0.72 mmHg (n=9)).elliptic. A significantly smaller area was found at the
anastomotic line (0.06 mmHg·mm–0.01 mmHg·mm Except from a local maximum (4.05 mmHg·mm–
0.95 mmHg·mm (n=9)) 2 mm distal to the suture line(n=8)), p<0.05) when compared to adjacent values
as well as the reference value. Apart from that, no the areas were not significantly different from ref-
erence area. Again, an absolute minimum area wassignificant difference in hysteresis loop area
(3.31 mmHg·mm–0.85 mmHg·mm (n=8)) was con- found at the anastomotic line.
firmed when compared to the reference loop.
Discussion
Graft–artery anastomosis
The aim of this study was to develop a simple, stand-
ardised in vivo model by which the contribution of aAll RD and CC values except from 5 mm distal to the
suture-line were observed to be significantly smaller, vessel wall, a suture line a graft on overall anastomotic
biomechanics could be differentiated without “noise”Ep significantly greater than the reference values/those
of REF. In the graft-section values of RD and CC from anastomotic geometry, which would have been
the case in an end-to-side anastomosis model. There-appeared significantly smaller than in the artery as
well. The minimum values of both parameters were fore the end-to-end anastomosis model was chosen.
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(ordinate) as a function of the intra-arterial pressure (abscissa).
Measuring points selected are at the anastomotic line and 3 mmFig. 3. Graphs showing the results of measurements of relative
proximal and distal to this. (---J---): Reference (REF) values (n=distension, compliance coefficient and dynamic pressure-strain
12), (---A---): artery–artery (A-A) anastomosis (n=8), (—B—): graft–elastic modulus as a function of the distance along the arterial
artery (G-A) anastomosis (n=9).segment. In each graph is shown the reference data (---J---) (REF)=
no anastomosis (n=12), artery–artery (----A----) (A-A) anastomosis
(n=8), and the graft–artery (—B—) (G-A) anastomosis (n=9).
ultrasound enabled a precise characterisation (at 1-Abscissa indicates the anastomotic region with 1-mm intervals.
* indicates p<0.005 (t-test). mm intervals) of dynamic changes in RD, CC, Ep
and hysteresis loops that occur throughout the entire
anastomotic region. Since the arterial wall is a visco-
elastic, anisotropic structure, no simple linear relationBy studying the biomechanics of the genuine artery
followed by studies of the arterial–arterial end-to-end exists between biomechanical properties and gross
haemodynamics (arterial blood pressure and heartanastomosis in the same pig, in absence of compliance
or diameter mismatch between proximal and distal rate). Therefore, stable gross haemodynamics at
physiological levels are a precondition for in vivosegments, it was possible to determine how the suture-
line itself affects local changes in dynamic arterial studies of arterial biomechanics. In this study, gross
haemodynamics were kept stable during meas-biomechanics. Using a stiff graft in a graft–artery
anastomosis in the same model allowed us to display urements. The standard deviations were mainly results
of natural interindividual variance between the an-the impact of pronounced compliance mismatch. The
use of a focused narrow beam of high frequency imals. However, the standard deviations were small
Eur J Vasc Endovasc Surg Vol 18, December 1999
Tensile Stresses at Arterial End-to-end Anastomoses 521
and comparisons of measuring points thereby possible. p/2 rad (90°) the result would be a circle. The non-
linear elasticity of both artery and graft created slightlySince the infrarenal aorta was transformed into a long,
bowed ellipses. The ratio of the minor-to-major axesstraight, non-tapering tube with constant mean blood
is a term of arterial-wall stiffness, which is defined asflow, no disturbing wave reflections were created by
resistance against deformation, whether elasticity is thearterial branches. The finding that suture line RD, CC,
ability of a body to regain initial shape and proportionsEp and hysteresis loop area values in the artery–artery
after the deforming forces have been eliminated andanastomoses are related to significantly lower com-
is shown in the phase difference. The hysteresis looppliance than arterial compliance confirms that com-
area is determined by the vessel-wall stiffness and thepliance mismatch is more complex than a mismatch
elasticity. A material possessing properties of littlebetween a graft and an artery, because an anastomosis
stiffness and low elasticity creates a hysteresis loopitself will produce a local compliance mismatch even
with a large area when subjected to cyclic stress. Thewhen proximal and distal arterial segments are equally
curves of RD showed low strains at the anastomoticcompliant. This observation was primarily due to smal-
lines and within the graft with stable stress (intra-ler diameter excursions during heart cycle and was
arterial pressure) and pulse frequency (heart rate).not a result of suture line stenoses. The results confirm
This explains the very small areas of hysteresis loopsprevious reports.17,18,22
at these measuring points. A PHZ would be expectedNot all anastomoses generate PHZ, but as PHZ
as outstretched hysteresis loops of large areas sinceoccurs more frequently near continuous suture-lines
diameter excursions should be enlarged. However, nocompared with interrupted suture technique18 due to
area enhancements were found over a region at leastdifferences in dissipating longitudinal pulsatile stress,
2 mm long; only at a single point 5 mm distal to theour model should facilitate the creation of PHZ. During
graft–artery anastomosis had the hysteresis loop asystole, a continuous anastomosis or a stiff graft is less
significantly greater area.able to expand with each pulse; thus it experiences
In conclusion, an animal model for acute studies onand transmits more longitudinal stress to the adjacent
the impact of a suture-line and a graft on mechanicalarterial wall. We wanted to investigate a maximal
properties of vascular end-to-end anastomoses wascompliance mismatch by studying continuous non-
developed. Maximum Ep, minimum CC and hysteresiscompliant graft–artery anastomoses, as PHZ only fre-
loop areas were found at the anastomotic line due toquently occurs at artery–artery anastomoses. However,
low anastomotic RD. In the graft section, high Ep, lowwe did not succeed in confirming PHZ either at the
CC and a small hysteresis loop area were found, butartery–artery anastomoses or the graft–artery ana-
downstream of the suture line these parameters werestomoses. only insignificantly different from those of the A-A
A dynamic elastic modulus is determined from the anastomosis. Consequently, the biomechanical in-
strain that accompanies a periodic time-varying stress, fluence of the graft on the anastomosis appears to be
whether natural or artifically imposed.30 A natural minor compared to that of the suture-line itself. The
pulsation may be treated as a unit, dividing the overall existence of a PHZ could not be verified at any of the
amplitude of wall stress (or pressure) by the total anastomoses. The main determinant for anastomotic
radial excursion to get an elastic modulus, Ep (e.g.29), biomechanics was the suture-line itself.
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